Symptomatic patients with Gaucher disease (GD) (acid ␤-glucosidase [Gcase] deficiency) are treated with injectable human recombinant GCase. Treatment results in significant decreases in lipid storage in liver, spleen, and bone marrow, but the generalized osteopenia and focal bone lesions present in many adult patients are refractory to treatment. A double-blind, 2-arm, placebo-controlled trial of alendronate (40 mg/d) was performed in adults with GD who had been treated with enzyme for at least 24 months. Primary therapeutic endpoints were improvements in (1) bone mineral density (BMD) and content (BMC) at the lumbar spine, and (2) focal lesions in x-rays of long bones assessed by a blinded reviewer. There were 34 patients with GD type 1 (age range, 18-50 years) receiving enzyme therapy who were randomized for this study. After 18 months, ⌬BMD at the lumbar spine was 0.068 ؎ 0.21 and 0.015 ؎ 0.034 for alendronate and placebo groups, respectively (P ‫؍‬ .001). Long-bone x-rays showed no change in focal lesions or bone deformities in any subject in either arm. Alendronate is a useful adjunctive therapy in combination with enzyme replacement therapy (ERT) for the treatment of GD-related osteopenia in adults, but it cannot be expected to improve focal
Introduction
Gaucher disease (GD) refers to the heterogeneous clinical signs and symptoms caused by the decreased intracellular hydrolysis of glucosylceramide and other glucosphingolipids, and is primarily due to recessive mutations in the gene encoding the lysosomal hydrolase, acid ␤-glucosidase (GCase). 1 GD has 3 clinical forms based on the absence (type 1) or presence and severity of primary central nervous system (CNS) involvement (type 2, severe; type 3, mild to moderate). 2 Massive splenomegaly and large storage cells in the spleen and bone marrow are the hallmarks of the disease, 3 but nearly all affected patients also have skeletal involvement. [4] [5] [6] [7] [8] Episodic, excruciatingly painful infarctive "bone crises" occur in 42% of patients less than 10 years of age and in 25% at more than or equal to 10 years of age. 1, [9] [10] [11] Most patients have focal skeletal abnormalities identified by plain x-ray, the most frequent of which are the "Erlenmeyer flask" deformity of the distal femur and lytic lesions (in descending order of appearance) in the femurs, humeri, vertebral bodies, tibias, ribs, pelvis, bones of the feet, calvarium, and mandible. 12, 13 In addition to focal abnormalities, generalized osteopenia is nearly universal. 5, 12, 14 Mean bone mineral density (BMD) in adults with GD is substantially less than that for healthy age-matched adults and correlates with the degree of visceral organ involvement. 15 Pathologic fracture is widely reported in GD. Femoral fractures are often associated with lytic lesions, but cortical thinning is a contributing cause. Severe osteopenia in the spine is associated with vertebral collapse in both children and adults.
The standard of care for symptomatic patients with GD is periodic infusion of human recombinant GCase. More than 3000 patients worldwide are receiving enzyme therapy. 16 Enzyme therapy results in significant decreases in glucosylceramide storage in the liver, spleen, and bone marrow. Subjective improvements in the severity, frequency, and duration of painful crises usually occur within one year of initiating enzyme therapy [17] [18] [19] [20] and onset of new lytic lesions is usually halted. However, many other bone manifestations, including chronic bone pain, lytic lesions, bone deformities, and osteopenia have either required years of enzyme therapy for improvement or been refractory. 20, 21 Enzyme therapy's efficacy in reversing the generalized osteopenia likewise appears limited, leaving adult patients who are compliant with enzyme therapy still at risk for pathologic fracture. This delayed and modest skeletal response in some patients receiving enzyme therapy remains the major issue in the overall effectiveness and management of affected patients with GD type 1.
The etiology of Gaucher-related osteopenia is not understood. There is some evidence of elevated bone turnover based on histomorphometric indices. 12 Interleukin 6 (IL-6) plasma levels, which have been implicated in localized osteolysis in multiple myeloma, are elevated nearly 3-fold in adults with GD. 22 Since anecdotal evidence indicated that bisphosphonates may show some effectiveness in reversing some of the bone manifestations of GD, [23] [24] [25] a controlled trial of alendronate disodium (ALN) was initiated to test the hypothesis that Gaucher-related bone disease is a high resorption state and to determine whether ALN could improve focal bone lesions and/or BMD to a greater extent than enzyme therapy alone.
Patients, materials, and methods

Study design overview
A 2-arm, double-blind, placebo-controlled design was employed. The 40 mg per day dosage was chosen to increase the chances of reversing focal lesions. Placebo tablets provided by Merck (Whitehouse Station, NJ) were matched in size and shape, and the placebo formulation had been used previously in other industry-sponsored trials by the manufacturer. All study subjects were given identical dosing instructions by the Investigational Pharmacy at Cincinnati Children's Hospital Medical Center. The 2 primary therapeutic endpoints were (1) improvements in lumbar spine BMD and bone mineral content (BMC), measured by dual energy x-ray absorptiometry (DEXA); and (2) improvements of focal lesions as evaluation of plain x-rays by a radiologist blinded to study arm (see protocol summary, Table  1 ). All study subjects were on enzyme therapy at a dosage selected by their treating physician, which ranged from 15 U/kg to 60 U/kg every 2 weeks. The initial trial design included the use of a second center outside the United States, as a means to test ALN response in patients receiving average lower enzyme (GCase) doses. Because that center was not able to collect key end point data, this report includes only the data collected at the US center.
Study subjects
All study subjects had enzymatically proven type I GD, were between 18 and 50 years of age, and were on a continuous regimen of enzyme therapy for at least 24 months prior to enrollment. Women who were pregnant, had a positive pregnancy test, or were planning to be pregnant were excluded. Patients with a serum creatinine level of more than 176.8 M (2.0 mg/dL), and/or who had a recent history of ulcer disease also were excluded. Potential subjects who had elevated lumbar BMD Z scores, or who had diseases likely to affect bone mass, or who had recently taken medications known to have a major effect on skeletal metabolism were also excluded. Subjects who had an initial lumbar BMD Z score of more than Ϫ1 were excluded, with the exception of a few individuals judged to be clinically at risk. Subjects traveled to Cincinnati Children's Hospital Medical Center for baseline and follow-up evaluations.
There were 38 patients who were screened, and 36 were enrolled and randomized. Data were collected at baseline and at 6, 12, 18, and 24 months during the course of the study. There were 6 dropouts: 2 cited personal reasons that interfered with travel to the study center; 1 dropped out because of gastrointestinal discomfort (later resolved; subject was receiving placebo); 1 subject wanted to become pregnant; and 2 left the study because of noncompliance with the protocol (no medical reasons cited). There were 2 patients who dropped out in the first 6-month interval; thus, follow-up data were collected on 34 subjects. All subjects were enrolled after Cincinnati Children's Hospital Medical Center institutional review board and Human Subjects Committee approval of the study and written informed consent.
Skeletal imaging
Dual-energy x-ray absorptiometry (DEXA) was performed using Hologic 2000 or 4500 model x-ray absorptiometers (Hologic, Bedford, MA). During the course of the study, the Hologic 2000, supported by the Cincinnati Children's Hospital Medical Center (CCHMC) General Clinical Research Center (GCRC), was replaced by a Hologic 4500. There were 6 subjects who were serially scanned only on the Hologic 2000; there were 24 subjects who were serially scanned only on the Hologic 4500. There were 4 patients who received one or more scans on the 2000 and then were scanned on the 4500 during the remainder of the trial. To control for differences in detection, those individuals were scanned on both machines on the same day and the initial BMD and BMC values (recorded by the Hologic 2000) were adjusted. Plain x-rays were taken of the lateral spine and long bones at baseline and at 12 and 24 months. The x-rays were read at the time of each visit for safety analysis, and then again, in a series, at the end of the study by a radiologist (A.E.O.) who was blinded to study arm. The radiologist specifically commented on the progression or regression of focal lesions, long-bone deformity, or the appearance of periosteal new bone formation.
Clinical biochemistry
Serum levels of osteocalcin, bone-specific alkaline phosphatase, and 25-OH vitamin D were performed using routine methods. Measurement of serum osteocalcin was performed using the IRMA kit from Immunotopics (San Clemente, CA). Bone-specific alkaline phosphatase was measured using the Metra Alkphase-B kit from Quidel (San Diego, CA). Measurement of urinary amino-terminal collagen telopeptides (NTx) was performed using the Osteomark NTx EIA kit from Ostex International (Seattle, WA). Deoxypyridinoline cross-links were measured using the Metra DPD EIA kit from Quidel.
Statistical methods
Means and standard deviations for lumbar spine BMC and BMD and each bone biomarker at baseline and at each of the follow-up examinations were computed for the treatment group and for the placebo group separately. Mean changes from baseline and their standard deviations for BMC and BMD and the bone biomarkers were calculated and plotted at each scheduled follow-up examination. The mean changes from baseline for BMC and BMD and for bone biomarkers were tested for significance by paired t tests. Comparison of changes in BMC and BMD between groups was performed by t tests for 2 independent samples.
The Group Sequential t test 26 was used to adjust for the type I error to account for multiple tests in this trial. The null hypothesis was H 0 , that there were no differences in changes of BMC (or BMD) from baseline between alendronate and placebo group. Two successive interim analyses were performed. The t test statistics for the differences between the alendronate and placebo groups with respect to change of lumbar spine BMC and BMD from baseline were compared with criteria for the group sequential tests. For the interim analysis:
where K is the total number of analyses, k is the kth analysis, n A is the number of measurements in group A, n B is the number of measurements in group B, ␣ is the level of significance or type I error, and C B is a defined constant in the O'Brien and Fleming test. For the final analysis: if
Longitudinal data for BMC and BMD and the bone biomarkers also were analyzed using random effect models, which summarize the longitudinal data by (1) the general shapes of the curves that individuals display over time (the mean structure) for each group (ie, alendronate or placebo group); (2) how much these curves differ from subject to subject (the betweensubject errors); and (3) how closely subjects tend to follow their own predicted curves over time (within-subject errors). In the random effects 
Results
Interim safety data were reviewed periodically throughout the study in a blinded manner. No subject developed radiologic evidence of abnormal bone calcification or woven bone during the study. No individual developed progressively diminishing BMD by DEXA. The study was halted prematurely because of significant and positive differences between alendronate and placebo arms. To test the randomization of patients at the entry of trial, means and standard deviations were compared for sex, age, lumbar spine BMD, and BMC for each study arm to determine whether there were significant initial differences between the 2 groups ( Table 2 ). The significant group differences in these baseline parameters were mean age (39.5 Ϯ 7.4 years vs 33.0 Ϯ 9.1 years) and enzyme dosage (28.88 Ϯ 8.66 U/kg vs 37.59 Ϯ 15.08 U/kg) for the alendronate and placebo groups, respectively.
Lumbar spine BMC and BMD progressively increased from baseline in the alendronate group beginning with the first 6-month treatment interval; there was no significant change in the placebo group (Table 3 ). The extent of improvement in lumbar spine BMD with ALN was not dependent on initial BMD data (not shown). The effect of alendronate was relatively rapid, as over half of the total effect occurred within the first 6 months (Figure 1 ). Enzyme therapy alone did not produce a significant increase in lumbar spine BMD or BMC in adults who had been on enzyme therapy alone (placebo), in spite of the fact that the placebo group received a higher average enzyme dose that was statistically significant. The whole-body analysis for BMC (corrected to remove cranial mineral content), BMD, total body fat mass, total body lean mass, and percent fat did not show differences between the alendronate and placebo groups (data not shown).
Treatment with alendronate correlated with reduction in 2 serum markers of bone turnover, osteocalcin and bone-specific alkaline phosphatase. Significant group differences between alendronate and placebo groups appeared by 6 months of therapy and were maintained through the first 18 months of treatment. The loss of group differences in these 2 markers at the 24-month treatment interval may be the result of both the small number of subjects treated for the full 24 months prior to early cessation of the trial and the high degree of variability in the laboratory values (Table 4) . Urinary markers for bone resorption were inconsistent: NTx were reduced in the alendronate group but pyridinoline cross-links (Pyrilinks-D) were not.
Longitudinal analysis
Repeated measurements for BMC or BMD at the lumbar spine were analyzed using random effects models. In the models, an indicator variable for alendronate treatment and placebo treatment was included for group comparisons. The independent variables are the time intervals from the baseline (ie, alendronate or placebo group) and age at baseline. The interaction between time intervals since the baseline and the group membership was also tested.
The alendronate group had an increase in BMC and BMD after intervention whereas the placebo group had decreased BMC and BMD after baseline. There was a significant difference in the average changes from baseline over the course of the study period between the 2 groups. The rates of changes in the ALN group were greater than those in the placebo group by 6.86 Ϯ 5.82 g for BMC and by 0.02 Ϯ 1.8 g/cm 2 for BMD over the 24 months. These group difference changes from baseline BMD varied directly with the duration of treatment within the 24-month trial.
Lack of alendronate effect on focal bone lesions
Blinded review of serial long-bone radiographs failed to discern any group differences with respect to changes in localized skeletal lesions. In fact, the appearance of every localized skeletal abnormality observed in either study group remained unchanged throughout the trial. Long-bone films also were evaluated throughout the trial as a part of the interim safety analysis. No subject developed radiologic evidence of new abnormal bone calcification or woven bone during the study.
The study was halted prematurely because of significant and positive group differences noted in the second scheduled interim analysis. The Group Sequential t test 26 was used to adjust for the type I error to account for multiple tests in a trial. There was no significant difference in the first interim analyses for the group difference and the trial continued. At the second interim analysis, there was a significant difference based on the O'Brien and Fleming test. The results presented here are based on the data completed after the second interim analysis.
Discussion
A 2-arm, double-blind, placebo-controlled trial of ALN in adult patients with GD who were on long-term enzyme therapy demonstrated that ALN therapy results in significant improvement in Values for ALN and placebo represent the mean Ϯ the standard error of the mean. Values for ALN and placebo represent the mean Ϯ the standard error of the mean.
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BMD at the lumbar spine and in significant decreases in some biochemical markers of bone turnover. Since the study design excluded individuals with other identifiable causes of osteopenia, including estrogen deficiency, ALN appeared to have an effect on Gaucher-related bone loss. The results from the placebo arm of the trial reinforce previous observations that enzyme therapy alone has a limited ability to reverse Gaucher-related osteopenia in adults. In contrast, alendronate treatment showed no beneficial effect toward improvement of the focal lesions typically seen in patients with GD. There was no improvement in the appearance of lytic lesions and there was no normalization of the "Erlenmeyer flask" deformity in any study patient in either study arm for the duration of the trial.
One of the goals of this trial as it was originally conceived was to indirectly test a hypothesis regarding the pathogenesis of Gaucher bone disease. A dramatic response of either BMD or focal lesions to bisphosphonate therapy could be interpreted as evidence that either or both was due to increased osteoclastic activity. However, the findings from this study do not support a simple osteoclast-mediated mechanism for Gaucher bone manifestations. At initial screening, biochemical markers of bone metabolism were in the normal reference range for all patients, even 9 subjects with more severe osteopenia (T Ͻ Ϫ2) at the time of screening. Also, the observed improvement in lumbar spine BMD over 24 months is approximately the same response seen in a postmenopausal osteoporosis population, 27 which is almost certain to be heterogeneous with respect to both etiology and presence of elevated indices of bone turnover. Thus, the response of BMD to ALN in GD, while almost certainly clinically important, could be viewed as noninstructive with regard to pathogenesis of either focal or generalized bone disease. In addition, the lack of any focal response to alendronate in this trial indicates that lytic bone lesions of GD, unlike those seen in Paget disease, are not characterized by active bone resorption.
The relationship between increased BMD and fracture risk in study subjects is difficult to determine. No fractures were observed in either arm of the study, but the study size was far too small to measure fracture rate as a primary outcome. Pathologic fractures in patients with GD are mechanistically heterogeneous. Generalized osteopenia imposes a discrete fracture risk, particularly for vertebral fractures, but fractures also occur at sites of localized cortical thinning, focal lytic lesions, and focal necrosis, both in the femur and vertebral bodies. Since superimposed generalized osteopenia probably increases fracture risk at these local sites, ALN-related improvement of BMD may reduce risk for fractures at all sites.
ALN may also reduce fracture risk by mechanisms other than improved BMD. Antiresorptive therapy in patients with postmenopausal osteoporosis by means of several classes of drugs including bisphosphonates, nasal calcitonin, or raloxifene reduces fracture risk to a far greater extent (35%-50%) than would be predicted by epidemiologic studies from the rather modest differences in BMD observed (see Watts 28 and Riggs and Melton 29 for reviews). If protection from fracture above what is predicted by increased BMD is attributable to the above agents' ability to reduce bone turnover, as has been proposed, 29, 30 then patients with GD treated with alendronate might expect similar protection since a reduction in bone turnover markers was seen in the ALN arm of this study.
The dosage used in this trial represented an attempt to test the effect of ALN both on focal lesions and bone deformity as well as increased BMD. A dosage of 40 mg rather than 20 mg is most effective for reducing focal lesions in Paget disease. 31, 32 Although the possibility that Gaucher-related osteopenia only responds to the high dosages used in this trial (40 mg/d) cannot be formally excluded from this trial, the optimal dosage is likely to be the 10 mg/d regimen typically used for postmenopausal osteoporosis (or its weekly equivalent). Administration of ALN in dosages of more than 10 mg/d had little additive effect in postmenopausal women. 33 Given the lack of response of focal lesions after up to 24 months of therapy, the higher dosage probably is unnecessary and cannot be justified. Nonetheless, this study clearly provides justification for adjunctive ALN therapy for adults with GD who are on enzyme therapy, and who are at risk for osteopenic fracture.
